The post-tectonic Etla pluton intrudes the ~1 Ga granulitic Oaxacan Complex that cooled through 450°C by ~945 Ma. The Etla pluton consists of massive, coarse, porphyritic granodioritemonzogranite (plagioclase, K-feldspar, quartz, biotite ± hornblende) with fine-grained felsic rocks along the margin. Geochemistry indicates that it is a peraluminous, I-type, medium-K, calc-alkaline, volcanic-arc granite-trondjemite with relatively low contents of high-field-strength elements and flat REE patterns. U-Pb zircon isotopic analyses fall on a chord with intercepts at 180 ± 50 Ma and 920 ± 25 Ma: the latter is similar to the 207 Pb/ 206 Pb age of 917 ± 6 Ma of the least discordant (1%) analysis and is inferred to date the time of intrusion. This pluton is synchronous with similar igneous activity in Avalonia (eastern Appalachians) and in Tocantins Province of central Brazil, which may form parts of a peri-Amazonian magmatic arc. 40 Ar/ 39 Ar laser step-heating analyses of biotite and K-feldspar yielded plateau ages of 207 ±5 Ma and 221 ± 3 Ma, respectively, that may be related to Phanerozoic reheating.
Introduction
THE ETLA PLUTON intrudes the ~1 Ga Oaxacan Complex about 20 km NNW of Oaxaca in southern Mexico (Fig. 1A) . Previous geochronology produced a whole-rock Rb-Sr isochron of 272 ± 8 Ma, with an initial 87 Sr/ 86 Sr ratio of 0.7047 ± 0.0005 (Ruiz-Castellenos, 1979) . This led Torres et al. (1999) to include it in a Permo-Triassic magmatic arc that extended along the length of Mexico. However, in the course of mapping the northern Oaxacan Complex, the La Carbonera stock located about 10 km northwest of the Etla pluton yielded an intrusive age of 275 ± 4 Ma (lower intercept zircon age: Solari et al., 2001) . Contrasts in rock type and structure between the Etla pluton and La Carbonera stock led us to further examine the Etla pluton.
Geological Setting
The Oaxacan Complex that hosts the Etla pluton has been interpreted as a >1160 Ma arc intruded by two rift-related plutonic suites at ~1160-1130 Ma and ~1012 Ma, which were deformed during two tectonothermal events (Olmecan and Zapotecan) dated at ~1100 Ma and ~1004-980 Ma, respectively, the latter involving granulite-facies metamorphism (Keppie et al., , 2003a Solari et al., 1 Corresponding author; email: duncan@servidor.unam.mx 2003) . Cooling through ~450°C and ~300°C is recorded by 40 Ar/ 39 Ar ages on phlogopite and biotite at 945 ± 10 Ma and 856 ± 10 Ma, respectively (Keppie et al., in press ). These and similar rocks exposed in inliers underlie the backbone of Mexico and constitute the Oaxaquia microcontinental terrane ( Grenville orogen of eastern Laurentia (de Cserna, 1971; Shurbert and Cebull, 1987; Dalziel, 1992; Karlstrom et al., 1999; Burrett and Berry, 2000) , paleomagnetic data indicate that it is an allochthonous terrane (Ballard et al., 1989) probably derived from Amazonia based on comparable geological records Ortega-Gutiérrez, 1995, 1999; Keppie et al., 2001 Keppie et al., , 2003b Solari et al., 2003) and Lower Paleozoic faunal provinciality (Robison and Pantoja-Alor, 1968 : faunal nomenclature revised by Shergold, 1975; Boucot et al., 1997) . Most current reconstructions of the 1 Ga Rodinia juxtapose eastern Laurentia and western South America Cawood et al., 2001) , and the 1190-980 Ma Grenvillian orogeny has generally been attributed to arc-continent followed by continent-continent collision (Starmer, 1996; Sadowski and Bettencourt, 1996; Rivers, 1997) . In such a scenario, the nature of the Etla pluton and its bearing on the location of Oaxaquia are critical.
The Etla pluton is an oval shaped pluton, ~80 km 2 in area, that intrudes the Oaxacan Complex (Fig. 1A) . It varies from coarsely crystalline, porphyritic granodiorite and granite to fine-grained aplites on the margin. Pegmatites also occur sporadically. The intrusive contact exposed on Toll Highway 135 shows that it cuts across all the structural fabrics in the anorthosites and orthogneisses. Some intrusive sheets emanating from the pluton are deformed by E-trending, subhorizontal, upright folds with an axial planar fabric developed under lower greenschist-facies metamorphism. On the other hand, some of the granite sheets cut across these folds, suggesting that deformation was synchronous with intrusion (Fig. 1C) . The orientation of these structures is nearly perpendicular to the structures in the Oaxacan Complex, which are generally NNWtrending and gently dipping (Solari et al., 2003) . The pluton is unconformably overlain by Tertiary and Quaternary deposits along its eastern margin (Fig. 1A) .
Petrography
The Etla granitoid varies from megacrystic to aplitic, and from quartz-porphyritic to K-feldspar megacrystic (up to 12 cm in size). The rock is essentially unfoliated except along certain parts of its margins, where it appears strongly cleaved and locally mylonitic. The primary, magmatic mineralogy consists essentially of quartz + K-feldspar + oligoclase + magnetite ± biotite ± prismatic, greenbrown hornblende, with euhedral titanite, euhedral zircon, and apatite as common accessories, and rare allanite and xenocrystic garnet. Modal analyses of the coarse Etla rocks indicate that they are mainly granodiorite and monzogranite with a few rocks falling into the syenogranite field (Fig. 2) . The presence of hornblende-titanite-magnetite suggests an I-type granitoid. The fine-grained marginal facies has a similar mineralogy, but generally lacks ferromagnesian minerals and contains secondary muscovite.
Metamorphism accompanied by distinct deformation affected most rocks, but some remained undeformed and preserve fresh igneous textures. Reddish-pale brown biotite is pervasively altered to green biotite and in a few cases to chlorite. Epidote/ clinozoisite and white mica are common hydrothermal minerals, and most alkaline feldspar was converted to microcline and microcline perthite. The effects of deformation include undulose extinction of plagioclase, lobate to serrated margins of all quartz grains and some plagioclase, subgrain recrystallization, checker patterns in quartz, mortar structure in feldspar, and ubiquitous myrmeckite. Plagioclase shows mild to moderate oscillatory zoning and is partly sericitized, whereas white mica, typically in combination with magnetite, replaced oligoclase, suggesting the reaction magnetite + oligoclase = paragonitic phengite + epidote.
Evidence of rapid magmatic crystallization and high vapor pressure is the common presence of alkaline feldspar megacrysts, acicular apatite, inequigranular textures, feldspar zoning, and complex replacement textures, including abundant myrmeckite (Pitcher, 1993) . This is consistent with the 6-15 km depth deduced from the minimum melt graph (Fig. 2B) . On the other hand, development of granoblastic textures (blastesis) and metamorphic minerals such as white mica, biotite, and microcline clearly indicate subsequent burial metamorphism of the granite.
Analytical Methods
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All the rocks have been affected by secondary processes and low-grade metamorphism. However, as will be shown below, the chemical composition of these rocks does not appear to have been significantly modified by these processes.
Geochemistry
The rocks of the Etla pluton have SiO 2 contents ranging from 70 to 77 wt% (Figs. 3A and 3B) ; they are slightly peraluminous (Shand, 1951) with Al 2 O 3 / (CaO + Na 2 O + K 2 O) > 1. Most samples have A/ CNK between 1.05 and 1.1. The value of 1.1 was used as the dividing line between I-type and S-type granites (Chappel and White, 1974) and thus by this definition, most of these rocks can be classified as Itype granites. This is consistent with the low initial 87 Sr/ 86 Sr ratio of 0.7047 ± 0.0005 recorded by RuizCastellanos (1979) . Major-element oxides show correlations with SiO 2 , which are typical of calc-alkaline suites (Rollinson, 1993; Fig. 4 ). The plot of K 2 O versus SiO 2 shows a shallow sloping trend typical of a medium-K calc-alkaline suite. In terms of normative An-Ab-Or components, the rocks plot into the granite and trondhjemite fields. The rocks have relatively low contents of high-field-strength elements such as Nb and Zr. In particular, Nb contents of 3-13 ppm are low compared to typical granite values of ~20 ppm (Table 1) . Zr generally decreases with increasing SiO 2 , presumably reflecting zircon fractionation. Plots of Sr versus Ba and Sr versus CaO (Fig. 5) show trends indicative of feldspar fractionation.
The REE patterns (Fig. 6 ) are variable but generally flat, with (La/Yb)n ranging from 2 to 13. The analyzed samples cluster in the volcanic-arc granite or syncollisional granite fields on the Nb-Y diagram, and mainly in the volcanic-arc field on the Rb-(Y+Nb) tectonic setting discrimination diagram (Fig. 7) .
Geochronology

U-Pb data
Two samples were collected for U-Pb zircon analyses. One sample (OX-Gr) was analyzed at the University of California at Santa Cruz using methodology described by Lopez et al. (2001) . The other sample (E-2) was analyzed at the Laboratorio Universitario de Geoquimica Isotópica (LUGIS) at the Institutos de Geologia and Geofisica of the Universidad Nacional Autónoma de México using the procedures outlined by Solari et al. (2001) . The data are given in Table 2 (see also Fig. 10 ). All stated errors are 2V.
Most of the data are highly discordant. However, one abraded, single-grain analysis yielded nearly concordant data (1% discordant) with a 207 Pb/ 206 Pb age of 917 ± 6 Ma ( Table 2) . A chord drawn through all the data intersects concordia at 920 ± 25 Ma and Asterisk symbol (*) denotes radiogenic Pb. Zircon sample dissolution and ion-exchange chemistry modified after Krogh (1973) and Mattinson (1987) U/ 235 U = 137.88. Estimated uncertainties of the U/Pb ratio are ± 0.4 based on replicate analyses of a single zircon standard fraction (see Lopez et al., 2001). 207 Pb*/ 206 Pb* age uncertainties are 2 sigma and from the data reduction program PBDAT of K. Ludwig (1991) . Total processing Pb blank amount varied between 2 pg and 30 pg, generally averaging <10 pg at UCSC. At LUGIS, total analytical blanks ranged between 40 and 200 pg. Initial Pb composition are from isotopic analysis of feldspar separates. Isotopic data were measured on a VG 54-30 sector multicollector mass spectrometer with a pulse counting Daly detector at UC Santa Cruz, whereas at LUGIS was used a Finnigan MAT 262 multicollector mass spectrometer, with a SEM multiplier.
180 ± 50 Ma (Fig. 8) . These ages are inferred to date the time of intrusion and a later Pb-loss event, respectively. The possibility that the ~917 Ma age represents inheritance is considered unlikely because: (1) ages in the host rocks are >978 Ma (Keppie et al., 2003a; Solari et al., 2003) and so cannot be a source of the ~917 Ma zircon; (2) inclusion of a zircon in the magma would probably lead to significant overprinting, such that the data would no longer be almost concordant near the upper intercept; and (3) greenschist-facies thermal overprinting during the Phanerozoic is least likely to be recorded by low-U zircon (~917 Ma zircon), whereas higher-U zircons are more affected by the thermal overprint (Table 2) .
Ar/ 39 Ar data
40 Ar/ 39 Ar laser step-heating analyses were performed at the Queen's University 40 Ar/ 39 Ar Geochronology Laboratory on biotite and K-feldspar using the procedure described by Clark et al. (1998) . The analyses are given in Table 3 (see also Fig. 10 ). All stated errors are 2V.
Biotite from sample E-15 yielded discordant data with a plateau age of 207 ± 5 Ma (Fig. 9A) . Biotite from sample E-2 shows a saddle-shaped spectrum, typically indicating the presence of excess argon (Fig. 9B) . On the other hand, K-feldspar from the same sample, except for the first two steps, generally shows progressively older ages with increasing temperature, with dates from 169 ± 3 Ma to a plateau at 221 ± 3 Ma for 48.2% of the gas released at the high-temperature steps (Fig. 9C , Table 3 ). This spectrum is typical of <150°C reheating, which may be extrapolated to ~169 Ma.
Interpretation
Estimated blocking temperatures for 40 Ar/ 39 Ar in biotite and K-feldspar are ~280°C and ~150°C, respectively (Harrison and McDougall, 1982; Harrison et al., 1985) . Given the fact that the surrounding Oaxacan Complex appears to have cooled through 300 °C by ~856 Ma (Keppie et al., in press) , and that the Oaxacan Complex is unconformably overlain by lowermost Ordovician rocks (Centeno and Keppie, 1999) , it is suggested that the 220-200 Ma ages in biotite and K-feldspar record cooling during the Triassic following a reheating event, possibly associated with intrusion of the nearby La Carbonera pluton dated at 275 ± 4 Ma (Solari et al., 2001 ). The K-feldspar spectrum (Fig. 9C ) appears to record partial resetting at ~169 Ma in the Late Jurassic. This latter reheating event also appears to be recorded in the Pb-loss event at 180 ± 50 Ma.
Tectonic Implications
The 917 ± 6 Ma Etla pluton presently appears to be unique in Mexico. However, this event may be more widespread, because the lower amphibolite- facies hydration of the Zapotecan granulites is widespread within Oaxaquia (Keppie et al., , 2003a . Both the Etla calc-alkaline magmatism and this hydration can be related to subduction beneath Oaxaquia. This implies that oceanic lithosphere lay on one side of Oaxaquia at ~917 Ma, and precludes a palinspastic location for Oaxaquia in the t980 Ma continent-continent collision zone between eastern Laurentia and Amazonia (Sadowski and Bettencourt, 1996; Starmer, 1996; Rivers, 1997) . However, this collision is presently in doubt because Ramos and Aleman (2000) showed a Late Neoproterozoic Brasiliano orogen between the Peruvian Arequipa massif and the Amazon craton, and Loewy et al. (2000) suggested that the Arequipa masif is allochthonous. This would allow one to place Oaxaquia anywhere around the northern, western, or southern periphery of Amazonia. However, a northern location is favored by the occurrence of contemporaneous, 950-900 Ma arc magmatism in Tocantins Province, central Brasil and in proto-Avalonia that is inferred to have lain along the northern margin of Amazonia ( Fig. 10 ) (Pimental et al., 2000; Keppie et al., 2003b) . Such a location was also favored by Ortega-Gutiérrez (1995, 1999) and Keppie et al. (2001) based upon comparable P-T-t data and Ordovician faunal affinities. The 220-200 Ma age recorded in the 40 Ar/ 39 Ar biotite and K-feldspar data in the Etla pluton are younger than those recorded in the ~275 Ma La Carbonera pluton (Solari et al., 2001 ) 10 km north of the Etla pluton, and are similar to those recorded in the Cosoltepec Formation in the neighboring Acatlán Complex (Keppie et al., in press ). Thus these ages may be interpreted as cooling following a Permian tectonothermal event (Keppie et al., in press) . Such a reheating event may also explain the 272 ± 8 Ma, Rb-Sr whole-rock isochron produced by Ruiz-Castellenos (1979) in the Etla pluton. This Permo-Triassic event appears to be part of an extensive magmatic arc that extended along the length of Mexico (Torres et al., 1999) . FIG. 9. 40 Ar/ 39 Ar laser step-heating mineral analyses from the Etla pluton plotted on graphs of calculated age versus 39 Ar released. A. Biotite from sample E-15. B. Biotite from sample E-2. C. K-feldspar from sample E-2.
The ~170 Ma age recorded in the 40 Ar/ 39 Ar and U-Pb data from the Etla pluton is also similar to those recorded in the eastern Acatlán Complex, which have been related to the overriding of a midJurassic plume (Keppie et al., in press) . Such reheating appears to have also affected the Etla pluton, and may also be related to gravitational unroofing of the Paleozoic rocks that unconformably overlie the Oaxacan Complex (Centeno-Garcia and Keppie, 1999; Keppie et al., in press ).
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